We describe a novel, typically prokaryotic, sensor kinase in chloroplasts of green plants. The gene for this chloroplast sensor kinase (CSK) is found in cyanobacteria, prokaryotes from which chloroplasts evolved. The CSK gene has moved, during evolution, from the ancestral chloroplast to the nuclear genomes of eukaryotic algae and green plants. The CSK protein is now synthesised in the cytosol of photosynthetic eukaryotes and imported into their chloroplasts as a protein precursor. In the model higher plant Arabidopsis thaliana, CSK is autophosphorylated and required for control of transcription of chloroplast genes by the redox state of an electron carrier connecting photosystems I and II. CSK therefore provides a redox regulatory mechanism that couples photosynthesis to gene expression. This mechanism is inherited directly from the cyanobacterial ancestor of chloroplasts, is intrinsic to chloroplasts, and is targeted to chloroplast genes. cell evolution ͉ chloroplast genome ͉ redox ͉ transcription ͉ two-component system
P
hotosynthesis is the conversion of radiant energy into chemical potential energy by land plants, algae, and certain species of bacteria. These organisms thereby harness sunlight to drive the biogeochemical cycles of carbon, nitrogen, and oxygen, fuelling and sustaining life on Earth. In eukaryotes, photosynthesis occurs in chloroplasts, cytoplasmic organelles that evolved from a free-living cyanobacterium. The ancient symbiosis that co-opted prokaryotic cyanobacteria as photosynthetic compartments of eukaryotic cells involved the uptake and maintenance of both the photosynthetic and genetic systems of the cyanobacterial endosymbiont. Today, the chloroplasts of photosynthetic eukaryotes carry out oxygenic photosynthesis that is indistinguishable, except in fine detail, from photosynthesis in cyanobacteria. In contrast, the chloroplast genome has been hugely decreased in size, because almost all cyanobacterial genes still retained by eukaryotes have relocated to the cell nucleus (1) . Therefore the vast majority of chloroplast proteins are now imported as products of nuclear genes that encode chloroplast-targeted precursors made on cytosolic ribosomes (2) .
The few functional genes now left in chloroplasts always include genes for core proteins of the photochemical reaction centers that perform the primary, light-driven redox chemistry of photosynthetic electron transfer (3) . Expression of these chloroplast genes is regulated by photosynthetic electron transport (4) . Here we demonstrate that the basis of regulation is a typically bacterial, two-component signaling system, inherited from the cyanobacterial ancestor of the chloroplast.
Two-component signal transduction is ubiquitous in prokaryotes (5), including cyanobacteria (6) . Its components are a sensor kinase, phosphorylated on histidine when a specific environmental change occurs; and a response regulator that contains an aspartate residue to which the phosphate group is transferred, activating an appropriate response (5) . The nuclear genome of the model higher plant Arabidopsis thaliana contains 54 genes for two-component proteins (7) . However, known two-component elements in chloroplasts are limited to a few examples in certain nongreen algal groups, where there are just one or two two-component genes of uncertain function in the chloroplast genome itself (8) .
Results and Discussion
Chloroplast Sensor Kinase (CSK) in Arabidopsis thaliana. We inspected the complete nuclear genome sequence of Arabidopsis thaliana for a sensor kinase that might be synthesised in the cytosol as a precursor for import into chloroplasts. Fig. 1 shows the deduced amino acid sequence of a predicted CSK, the At1g67840 gene product of Arabidopsis thaliana, aligned with sequences of three bacterial histidine sensor kinases and of homologous proteins from whole genomes or expressed sequence tags (EST) of other plant and algal species. Fig. 1 A shows the conserved histidine residue that is the site of autophosphorylation by phosphoryl group transfer from ATP. This histidine phosphorylation site is retained in CSKs of the red alga Cyanidioschyzon merolae and of the diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana (Fig. 1 A) . In contrast, Arabidopsis thaliana CSK and other plant CSKs contain an homologous ''H-box'' motif in which the histidine phosphorylation site has been replaced by glutamic acid (Fig. 1 A) . In further contrast, the histidine phosphorylation site has been replaced by a tyrosine residue in the CSK of the eukaryotic alga Ostreococcus (9) (Fig. 1 A) . Similar replacement of the histidine residue of the original phosphorylation site has been observed in plant phytochromes (10) and ethylene receptors (11) , which are serine/ threonine kinases with histidine kinase ancestries. Fig. 1B shows the sequence motifs N, G1, F, G2, and G3 of the ATP-binding domain. It is seen that all of these motifs are common to the bacterial proteins ArcB (12), RegB (13) , and EnvZ (14) , and to the CSK proteins of Arabidopsis thaliana, Populus trichocarpa, Oryza sativa, Thalassiosira pseudonana, and Cyanidioschyzon merolae (Fig. 1B) .
of pre-CSK was also expressed in transformed tobacco epidermal cells became imported completely into chloroplasts (results not shown). To investigate further the location of CSK, a chloroplast import assay with the [ 35 S]methionine-labeled CSK precursor was executed in vitro. The radiolabeled CSK protein is seen to be imported into the major chloroplast soluble phase, the chloroplast stroma (Fig. 3A, lane S) . Interestingly, the CSK transit peptide is not cleaved off, because the imported CSK has the same molecular mass as the initial translation product. Cleavage of the transit peptide after import is seen for the majority of chloroplast proteins, therefore a ''low energy'' binding assay (15) was carried out to ensure that CSK is a genuine chloroplast stromal protein. Under these low energy conditions-low temperature, without added ATP, and in darkness-chloroplasts bind protein precursors ready for import (15) . This precursor binding is indeed seen in the case of CSK (Fig. 3B) , where the precursor protein associates with chloroplasts (lane C), but remains sensitive to added protease. The function of the uncleaved transit peptide of CSK after import into the chloroplast (Figs. 2 and 3A) is unclear, but in the Chlamydomonas nuclear-encoded chlorophyll a/b binding protein, CP29, the (36) . (Red, basic; purple, acidic; blue, hydrophobic; green, polar and neutral; brown, glycine; khaki, proline; cyan, histidine and tyrosine). (A) CSK is a modified histidine kinase. The HisKA domain (dimerization and phosphoacceptor domain as defined by SMART database) of CSK aligns with those of its plant homologues and with those of three canonical histidine kinases, ArcB, RegB and EnvZ. The site of autophosphorylation, the H-box, is shown at the bottom. The autophosphorylating histidine is replaced by glutamate in CSK of land plants, whereas a tyrosine replaces this histidine in the CSK of Ostreococcus. The sequences shown for HisKA domains correspond to segments between and including the following amino acid positions of the full-length proteins. uncleaved transit peptide is a site of regulatory phosphorylation and acetylation (16) .
CSK Links Photosynthetic Electron Transport with Chloroplast Tran-
scription. Sensor kinases sense specific environmental cues and trigger appropriate responses via their cognate response regulator proteins. The latter are often DNA-binding transcription factors (5) . We examined the transcriptional response of the chloroplast psaA gene to changes in light quality, and then compared the transcriptional response in wild-type Arabidopsis thaliana with that in two separate CSK T-DNA insertion lines from the Arabidopsis Biological Resource Center [supporting information (SI) Fig. S1 ]. It has been demonstrated in different plant species that transcription of the psaA gene, which encodes the photosystem I reaction center apoprotein A, responds robustly and in a functionally intelligible way to changes in the redox state of the electron carrier plastoquinone (4, 17, 18) . Fig. 4 A and B shows the complex kinetics of psaA transcript accumulation in wild-type Arabidopsis plants. Here, Fig. 4 A and B also shows clear changes in these kinetics in the two Arabidopsis CSK-null mutants after shifts in the spectral quality of incident light that change the redox state of plastoquinone (18) . The transcriptional response of CSK-mutant plants differs from that of wild-type plants. When light one (favoring photosystem I) is replaced by light two (favoring photosystem II), transcripts of the chloroplast psaA gene for the photosystem I reaction center protein PS I-A accumulate up to 11-fold in 26 h for the wild type (Fig. 4A) . However, CSK-mutant plants show only a 5-fold increase in psaA gene transcription under the same conditions (Fig. 4A) . The reverse light switch, from light two to light one, produces a 2.5-fold decrease in psaA expression in the wild type, as the reaction center of photosystem I is repressed (Fig. 4B) . In contrast, psaA transcript quantity does not decrease under the same conditions in CSK mutants (Fig. 4B) . Instead, the sign of the response is reversed, and psaA transcript quantity increases for 8 h, eventually falling between 26 and 32 h (Fig. 4B) .
Normal psaA transcriptional control is part of an acclimatory response in chloroplasts called photosystem stoichiometry adjustment. The function of photosystem stoichiometry adjustment is to compensate for any deficiency in energy conversion at either photosystem I or photosystem II by increasing the quantity of the photosystem that will otherwise become rate-limiting to overall photosynthesis. The chlorophyll a/b ratio is a measure of the (C-F) CSK is a phosphoprotein and appears to be its own protein kinase. Overexpressed and purified CSK-GST fusion protein becomes autophosphorylated in the presence of Mn 2ϩ and Ca 2ϩ (C). GST protein alone is not labeled sufficiently to account for the labeling of CSK-GST (D). Alkaline phosphatase treatment completely removes the labeling of the autophosphorylated CSK (E). Acid/base stability assay shows CSK phosphoryl group is resistant to both acid and alkali treatments (F). Autorad, the autoradiograph of the labeling reaction separated by SDS/PAGE; Stained, the amido black staining of the corresponding PVDF membrane from which the autoradiograph was developed. Divalent cation (Mg 2ϩ /Mn 2ϩ /Ca 2ϩ ) present in labeling reaction is shown above each lane. ϩAP above the divalent cation in E indicates treatment with alkaline phosphatase. The presence or absence of DTT, DTT, in the reaction medium is shown as ϩ or Ϫ at the bottom of each lane.
stoichiometry of photosystem I to photosystem II (19) . Table 1 shows the lack of a functional photosystem stoichiometry adjustment as an inability of the CSK mutants to control Chl a/b ratio in response to changes between light one and light two.
CSK Is Autophosphorylated. Autophosphorylation of sensor kinases is the initial step in the detection and transduction of signals by two-component signaling pathways. We therefore tested whether CSK becomes autophosphorylated by incubating the overexpressed CSK protein, which includes the catalytic domain of CSK fused with the GST tag, in the presence of [␥-32 P]ATP, the reducing agent DTT, and the divalent cations Mg 2ϩ , Mn 2ϩ , or Ca 2ϩ . It is known that bacterial sensor kinases have specific requirements for certain divalent cations for autophosphorylation and signal perception. The CSK protein becomes autophosphorylated in the presence of Mn 2ϩ and to a lesser degree in the presence of Ca 2ϩ , but no autophosphorylation was detected in the presence of Mg 2ϩ (Fig. 4C ). DTT stimulates autophosphorylation but is not an absolute requirement (Fig. 4C) . Manganese-specific autophosphorylation is known to be characteristic of some plant ethylene sensors that are derived from histidine sensor kinases (11, 20) . Fig. 4D shows little or no labeling of the GST protein alone by [␥-
32 P]ATP under any of these conditions. To further confirm that the labeling of CSK results from phosphorylation of an amino acid side chain by 32 P, the labeled proteins were incubated with calf intestine alkaline phosphatase, which hydrolyzes orthophosphoric acid monoester groups (21) . Alkaline phosphatase treatment completely removed 32 P-labeling of CSK (Fig. 4E) .
To investigate the identity of the phosphorylated amino acid(s) in autophosphorylated CSK, the autophosphorylated protein was incubated in acid or alkali. It is known that phosphohistidine is labile in acid but stable in alkaline solution, that phosphoserine and phosphothreonine are acid-stable and alkali-labile, and that phosphotyrosine is stable in both acid and alkali. The stability of the CSK phosphoryl group to both acid and alkali treatments (Fig. 4F) suggests tyrosine phosphorylation. Because a glutamate residue replaces the histidine autophosphorylation site in plant CSKs (Fig.  1B) , conserved tyrosine residues lying outside the H-box could be the site(s) of phosphorylation of plant CSK. In CSK of the chlorophycean alga Ostreococcus, a tyrosine residue replaces histidine (Fig. 1B) . Such a tyrosine replacement in the DivL sensor kinase of Caulobacter crescentus results in tyrosine autokinase activity of DivL (22) .
Cyanobacterial Ancestry of CSK. Phylogenetic analysis of predicted CSK amino acid sequences from a red alga and a green alga and from two diatoms and five green plants shows that all CSKs share common ancestors with cyanobacterial histidine sensor kinases. In cyanobacteria, Hik2 is a conspicuous example of a CSK homologue (Fig. 5 ). Hik2 is a cognate sensor of the Rre1 response regulator (6) . The gene for Rre1 (cyanobacterial nomenclature) is retained by red algal plastids as ycf29. CSK is therefore related to the twocomponent systems retained from cyanobacteria by red algal plastids. For example, in the single-celled ancient red alga Cyanidioschyzon merolae, CSK is a nuclear-encoded sensor kinase, and the only sensor kinase in the whole genome (23) . The plastid of C. merolae encodes two response regulators, ycf29 and ycf27, both of which are transcription factors with a helix-turn-helix DNA binding motif (24) . The cognate response regulator partner of CSK in higher plant chloroplasts remains to be identified.
Distribution and Function of CSK Suggest Deep Evolutionary Signifi-
cance. The CSK gene homologue Hik2 is retained as one of only four histidine sensor kinases in the minimal cyanobacterial genome of Prochlorococcus marinus SS120 (25) . CSK is also retained in the minimal eukaryotic nuclear genomes of Ostreococcus (9) and Cyanidioschyzon (23) . Furthermore, CSK has persisted through a secondary symbiotic event in the ancestor of diatoms such as Phaeodactylum tricornutum and Thalassiosira pseudonana where the chloroplast is derived from a eukaryotic, red algal symbiont, itself a product of a primary endosymbiosis involving a cyanobacterium. In green plants, CSK bears the unmistakable hallmarks of a cyanobacterial sensor kinase (Figs. 1 and 4 C-F) that is now targeted to chloroplasts (Figs. 2 and 3) , being encoded by a gene that has moved, in evolution, from the chloroplast to the cell nucleus. The sequence (Fig. 1 and Figs. S2 and S3) , functional (Fig.  4) and phylogenetic (Fig. 5) properties of CSK strongly suggest that CSK is the sensor in a two-component redox regulatory system that provides the mechanism that couples photosynthesis to chloroplast genome function. This coupling may also provide information controlling expression of nuclear genes for components of photosynthesis and gene expression in chloroplasts (17, 26) .
Oxygenic photosynthesis takes place in chloroplasts and cyanobacteria, and requires two separate photochemical reaction centers that are connected electrically in series. Together with their distinct light-harvesting antennae, these reaction centers comprise photosystems I and II of the photosynthetic electron transport chain. CSK is clearly required for the photosynthetic, redox control of reaction center gene transcription (Fig. 4) that corrects imbalance in electron transport between the two photosystems by initiating new synthesis of proteins, according to the redox signal received from the connecting electron carrier, plastoquinone (4, 19). 
Conclusion
Our results show that redox regulatory coupling is intrinsic to chloroplasts and has been inherited, and maintained, from the chloroplast's cyanobacterial ancestor. This coupling implies a general function for cytoplasmic genetic systems in eukaryotes. The persistence, in chloroplasts, of a bacterial two-component redox regulatory system is an explicit prediction of the CORR hypothesis for the function of chloroplast and mitochondrial genomes (3, 27) . The CORR hypothesis (CO-location for Redox Regulation) states that genes have been retained in bioenergetic organelles to provide direct and unconditional regulation of their expression by the redox state of their gene products, the core proteins of energy transduction in photosynthesis and respiration. The properties and phylogenetic distribution of CSK are consistent with the application of CORR to chloroplasts, and in agreement with its predictions (3). Thus genes for photosynthetic reaction centers are retained in chloroplasts to be regulated by photosynthetic electron transport, whereas genes for the redox signaling components themselves belong to the major class of former cyanobacterial genes, and have moved to the cell nucleus. Our findings support the hypothesis (3, 27) that local redox control of gene expression by energy transduction requires the presence of chloroplast and mitochondrial genomes as extranuclear genetic elements responsible for non-Mendelian inheritance of characters associated with photosynthesis and respiration.
Materials and Methods
Plant Growth Conditions. Arabidopsis thaliana seedlings were grown from seeds on soil at 24°C and a photon flux density of 100 E m Ϫ2 ⅐s Ϫ1 with an 8-hour light and 16-h dark photoperiod unless otherwise specified. For the Light switch time-course experiment, wild type (Col-0) and CSK knockout mutant Arabidopsis lines were grown in white light (100 E m Ϫ2 ⅐s Ϫ1 ; 16-hour day) for 12 days and then transferred to light one or light two cabinets and allowed to acclimate for 4 days. At the end of the 4th day, light one was replaced by light two and vice versa. Leaves from 2 to 3 plants were collected for RNA extraction before the light switch and at various time points extending to 32 h after it. Chlorophyll a/b ratios were determined from plants that were 2-4 weeks old and grown under two days of light one, light two, or white light.
Lights One and Two. Light one was provided by two red fluorescent strip lamps (Osram L 18W/60 Red from Osram GmbH, Hellabrunner Strasse 1, 81536 Munich, Germany), each wrapped in red filter (Lee 027 medium red from Lee Filters, Andover, Hants, U.K.). Light two was provided by two white fluorescent strip lamps (Osram L 18W/827 Lumillux) each wrapped in orange filter (Lee 105 Orange). The photon flux density at the highest leaves in light two was 12 E m Ϫ2 ⅐s Ϫ1 and in light one was 6 E m Ϫ2 ⅐s Ϫ1 . Light one and light two were present for a 16-hour day (8-h dark period). The spectra of lights one and two show extended red and near infrared components in light one (results not shown). Their selective actions on photosystems I and II, respectively, were confirmed by modulated chlorophyll fluorescence and state transition measurements in the growth cabinet (results not shown).
Genotyping of the SALK T-DNA Insertion Lines. Two T-DNA lines (SALK027360 and SALK018074) harboring insertions in the gene (At1g67840) encoding the CSK protein were obtained from ABRC. Genomic DNA was isolated from these lines and genotyped for homozygous insertion lines by using genomic and T-DNA cassette primers. A reverse transcriptase PCR confirmed that expression from the locus At1g67840 was completely absent (see Fig. S1 and SI Text for details).
CSK-GFP Construct and Chloroplast Protein Import in Vivo.
Two gene fusions between Arabidopsis CSK and the gene encoding the jellyfish green fluorescent protein (GFP) were constructed to investigate the subcellular targeting of CSK-GFP fusion proteins. The construct pCSK1-GFP was generated by amplifying a CSK cDNA fragment comprising 54 bp of the 5ЈUTR and the first 139 codons using Phusion DNA polymerase (New England Biolabs) and the oligonucleotide primers PK-F (5Ј-CTAggatccGAGAGTTTCAGTCTCAGCCACAAAGTAA-3Ј; lowercase sequence represents a BamH I cleavage site) and PK-R1 (5Ј-GTATaggcctCGAGAG-TACTGCGTTTGGATCAACGAT-3Ј; lowercase sequence represents a StuI cleavage site). The amplified cDNA was digested with BamH I and StuI and cloned in-frame with the GFP orf in the expression vector as described (28) . The construct pCSK2-GFP contains a cDNA fragment possessing the same 5Ј end but with the entire CSK ORF (without its stop codon) fused in-frame with GFP. This cDNA fragment was amplified by using the primer pair PK-F and PK-R2 (5ЈGTATaggcctTGCTTCATTG-GCTTCAGATACTGCTG).
Transcriptional control of the CSK-GFP gene fusions was provided by the cauliflower mosaic virus (CaMV) 35S promoter, and transcription termination and polyadenylation signals were provided by the nopaline synthase (nos) terminator (28) . Leaves of Nicotiana tabacum (tobacco) were bombarded with tungsten particles (0.7 m) coated with pCSK1-GFP or pCSK2-GFP by using a Bio-Rad PDS-1000/He particle delivery system, as described (29) . After 24 -48 h, leaf samples of 2 ϫ 2 mm were mounted in water on a glass slide and viewed by scanning laser microscopy (TCS-NT, DMRXA light microscope stand, Leica Microsystems Wetzlar GmbH, Germany). Images of GFP and chlorophyll fluorescence, by using an excitation wavelength of 488 nm, were collected through TRITC and FITC filters, respectively.
Chloroplast Import of Radiolabeled CSK Precursor. Pea seedlings (Pisum sativum, var. Kelvedon Wonder) were grown and then harvested at 9 days old. Chloroplasts were isolated from the leaf tips as described (30) . A full-length CSK cDNA clone was obtained from Genoscope (Paris) and the CSK precursor was synthesised by the method described in ref. 31 by using SP6 RNApolymerase for cDNA transcription followed by translation in a wheat germ cell-free system in the presence of [ 35 S]methionine. Chloroplast import assays were conducted as before (32) . Subsequent chloroplast fractionation and protease treatments are done as described before (33) . Controls for chloroplast fractionation were based on published work (15) . An identical import reaction was conducted omitting additional ATP, with the chloroplasts on ice, in the dark. These conditions promote envelope binding but inhibit import.
RNA Isolation and Quantitative Real Time PCR.
Total RNA was isolated from the leaves of 15-17-day-old Arabidopsis plants with Qiagen RNeasy Plant mini kit. RNA was treated with RNase-free DNase (Qiagen) to eliminate possible DNA contamination. Real time quantitative RT PCR was performed with Quantitech SYBR green kit from Qiagen, in a Chromo4 cycler (Bio-Rad). A Ϸ150-bp-long sequence was amplified from the psaA and the reference gene, Actin8 transcripts. For amplifying the psaA transcript, forward and reverse primers used were 5Ј GGCACAAGCATCTCAGGTAA 3Ј and 5Ј AGCCCAAACAATGGATTCAA 3Ј respectively and for Actin8, 5Ј TTCCAGCAGATGTGGATCTCTA 3Ј and 5Ј AGAAAGAAAT-GTGATCCCGTCA 3Ј. The forward primer for the Actin8 transcript was designed as flanking an intron-exon boundary, thus eliminating the chances of amplifying any contaminated DNA sequences. The optimum annealing temperature for the each primer pair was found out by a gradient PCR. The authenticities of the amplificates were confirmed by sequencing the PCR products. Amplification efficiency for each primer pair was calculated by a 16-fold serial dilution of the template and the R 2 value for each primer pair was found to be Ն0.99. A nontemplate control reaction was done for each primer pair to check whether template contamination or primer dimers contribute to the fluorescence signals observed. A small fluorescence signal at very late cycle numbers was seen in nontemplate control reactions for some primer pairs. This signal is likely to have arisen from primer dimers. A non-RT (non-reverse transcriptase) control reaction was also included to check for amplification from any contaminated DNA and it was found that, like nontemplate controls, a small fluorescence signal appeared at very late cycle numbers. For measuring the transcription kinetics of light switch samples, RNA was pooled from 2 to 3 plants and 3 technical replicates were used for each reaction. Expression values were normalized to total RNA. The quantitative real-time PCR technique used here employs relative quantification based on comparative C T method. Autophosphorylation Assay. A partial cDNA clone (U13211) encoding 450 residues from the carboxy-terminus of CSK, which includes the catalytic domain was obtained from ABRC. The cDNA was cloned into pGEX4T2 (Amersham) vector system and expressed as a GST fusion protein. The over-expressed CSK-GST fusion protein was purified by affinity chromatography (glutathione sepharose). For autophosphorylation assay, Ϸ10 g of CSK-GST protein was taken in a 25-l reaction volume containing 50 mM Tris, pH 7.5, 50 mM KCl, 10% glycerol, 0.5 mM ATP, 8Ci [␥-32 P]ATP (3,000 Ci/mmol), with or without 2 mM DTT and 10 mM MgCl 2 or MnCl2, or CaCl2. The reactions were incubated at 22°C for 60 min and terminated by adding sample buffer. The phosphorylated proteins were subjected to SDS-12% PAGE and blotted onto PVDF membrane (Hybond-P, Amersham). The incorporated phosphate was visualized by autoradiography. The identity of the autophosphorylated CSK-GST fusion protein was confirmed by a monoclonal antibody directed against the GST tag (Novagen) of the fusion protein (results not shown). Standard Western blot analysis procedures were followed for the immunodetection of the GST tag. Amido black staining of the same membrane was also performed to verify the protein loading. For dephosphorylation of the phosphorylated CSK protein, autophosphorylation of CSK protein was performed as above and 1 l of calf intestine alkaline phosphatase (New England Biolabs) was added to the autophosphorylated CSK and incubated at 37°C for 30 min. Acid/alkali stability of the incorporated phosphate was determined by incubating the membrane in 1 M HCl or 3 M NaOH for 2 h at room temperature. The acid/alkali treated membrane was then rinsed with water and subjected to autoradiography.
Sequence Analysis. Sequence similarity searches were performed with blastp and tblastn programs. Subcellular localization prediction was carried out with the programs TargetP, ChloroP, WoLF PSORT, PCLR and Predotar. Domains and motifs were identified by using the SMART database. Sequence alignment was generated with ClustalW and the alignment was edited with Jalview.
Phylogenetic Reconstruction. Multiple alignment of the amino acid sequence corresponding to the catalytic domain of CSK and its homologues (as delineated by SMART database) was generated across a representative selection of photosynthetic eukaryotes and cyanobacteria. Sequences were retrieved from both JGI and GENBANK databases. The multiple alignment was generated by using CLUSTAL X and adjusted manually by using MacClade 4.06. The CSK tree was reconstructed from 91 characters. Bayesian phylogeny was generated by using Mr. Bayes 3.1 (34) from 2,000,000 generations divided between two parallel runs of 1,000,000 each with sampling every 1,000 generations. Although the likelihoods for both trees rapidly reached a plateau, 100 burn-in trees were nevertheless removed from both runs when computing the Bayesian topology. The substitution model was inferred by using a mixed model of amino acid substitution and rate across sites variation was modeled on a discrete gamma distribution approximated by using 4 gamma categories and 1 category of invariable sites. Bootstraps were generated by using PHYML 2.4.5 (35) using the WAG substitution model and rate-across-sites variation modeled on an approximate gamma distribution also using four gamma categories and one category of invariable sites. Fig. S1 . Fig. S1B shows results from a genomic PCR using 5Ј TGGCCTCTTTTAGC-TATGGGGA 3Ј as the forward primer and 5Ј TGCTCAAGA-CAAAGCCGTTGA 3Ј as the reverse primer. The wild type CSK gene was amplified from the wild type sample and not from the SALK027360 sample indicating T-DNA insertion. Fig. S1C shows results from a genomic PCR using 5Ј TGGCCTCTTT-TAGCTATGGGGA 3Ј as forward primer and 5Ј GCGTGGAC-CGCTTGCTGCAACT 3Ј as reverse primer, which is also the T-DNA cassette left border primer. The length of the amplicon from this second PCR is indicative of the approximate insertion site in the SALK027360. The actual insertion site was further determined by sequencing the amplificate from this PCR. Fig.  S1D shows results from a reverse transcriptase PCR using 5Ј GAGAGTTTCAGTCTCAGCCACA 3Ј as forward primer and 5Ј TTGCAATCAATTTTGTTCAAGTC 3Јas reverse primer. The CSK mRNA was amplified only from the wild type and not from the SALK027360 line, thus confirming that the At1g67840 locus was not transcribed in the SALK027360 line. Fig. S1E shows results from a genomic PCR using 5Ј GTAGAGTTCA-CACAGATGATTGAGAAA 3Ј as the forward primer and 5Ј GCTTCATTGGCTTCAGATACTGC 3Ј as the reverse primer. The wild type CSK gene is amplified from the wild type sample and not from the SALK018074 sample, indicating T-DNA insertion. Fig. S1F shows results from a genomic PCR using 5Ј GCGTGGACCGCTTGCTGCAACT 3Ј as the forward primer, which is also the T-DNA cassette left border primer, and 5Ј GCTTCATTGGCTTCAGATACTGC 3Ј as the reverse primer. The length of the amplificate from this PCR is indicative of the approximate insertion site in the SALK018074. The actual insertion site was further determined by sequencing the amplificate from this PCR. Fig. S1G shows results from a reverse transcriptase PCR using 5Ј ATGCTTCTTTCTGCAATCGC 3Ј as the forward primer and 5Ј CTATGCTTCATTGGCTTCAG 3Јas the reverse primer. The CSK mRNA was amplified only from the wild type and not from the SALK018074 line, thus confirming that the At1g67840 locus is not transcribed in the SALK018074 line.
Supporting information

Conserved Sequence Features of the Chloroplast Sensor Kinase (CSK).
Sequence prediction based on SMART, Pfam and InterPro database searches showed conserved functional domains in CSK (Fig. S3) . These include an ATP-binding domain (HATPasec) toward the C terminus, and a domain characteristic of a site of histidine autophosphorylation site and dimerisation (HisKA), consistent with a function for CSK as a sensor kinase. It should be mentioned that the HisKA domain in CSKs of A. thaliana, P. patens and O. lucimarinus, although recognizable in SMART, Pfam, and InterPro databases, is not predicted by the secondary database Prosite. N-terminal to the HisKA domain is a GAF domain, which presumably forms the redox sensor input domain of CSKs. GAF domain and the related PAS redox sensor input domain are known to sense redox signals via redox-active prosthetic groups such as heme (1) or flavin adenine dinucleotide (FAD) (2) . The Prosite database predicts a nucleotidebinding motif in the GAF domain of the Arabidopsis CSK. This observation is consistent with the nucleotide binding properties of some GAF domains (3) and raises the interesting possibility that the GAF domain in CSK binds one or more redoxresponsive cofactors such as uridine or flavin nucleotides for its redox-sensing function. Some redox sensor kinases are also known to employ redox-responsive cysteine residues, residing within the PAS/GAF domains (4, 5) or seen as part of other separate redox sensor input domains (6) for sensing redox signals. A conserved cysteine residue is seen within the GAF domain of plant and cyanobacterial CSKs (Fig. S2) . While GAF domains of CSKs in Ostreococcus, Phaeodactylum, and a few Synechococcus species do not seem to have this cysteine conserved (Fig. S2) , other positionally conserved cysteines are present in their GAF domains (Fig. S2) . Fig. S3 shows conserved functional domains in CSK and representative algal and cyanobacterial homologues (redrawn from SMART database predictions). Domain denotations: HATPasec, ATP-binding domain; HisKA, site of histidine autophosphorylation and dimerisation; GAF, sensor domain. For the Ostreococcus and the Physcomitrella CSKs, the predicted GAF domain is below the curated threshold score of SMART database. For the Arabidopsis CSK, SMART database does not predict a GAF domain, even though the Arabidopsis CSK sensor domain shows significant sequence homology to the GAF domain of cyanobacterial Hik2. Domain boundary of GAF domains, which fall below the curated threshold score, or not predicted by SMART database, are shown in broken lines. The chloroplast-targeting signal is represented as a white rectangle at the N terminus.
Conserved Functional Domains in CSK.
Sequence Features of CSK Suggest Mechanisms of Redox Sensing.
Further sequence prediction based on SMART database searches shows a conserved GAF domain in cyanobacterial CSK homologues and in algal and plant CSKs (Fig. S2 and Fig. S3) . A GAF domain is a small ligand-binding domain first described for vertebrate cGMP specific phosphodiesterase, a cyanobacterial Adenylate cyclase and the bacterial formate hydrogen lyase transcription activator FhlA. GAF domains are known to form sensor domains in a number of histidine kinases. GAF domains of redox histidine sensor kinases sense redox signals via a redox-active heme prosthetic group (7) or by a conserved redox-responsive cysteine residue (5) . GAF domains also show homology and functional overlap with the well characterized redox sensor input domain, PAS (1, 8) . A redox sensing and transcriptional regulatory role for CSK in chloroplasts is strongly suggested by its redox sensing sequence features (Fig. S2 and Fig.  S3) ; by the observed signaling phenotypic effect of CSK (Fig. 4) ; and by the functional and phylogenetic relatedness of CSK to the known transcriptional regulatory two-component systems of non-green algae. Our proposed redox-sensing role for CSK is further supported by the demonstration that the cyanobacterial homologue of CSK, Hik2, interacts with the known redox response regulator, RppA (9) and confers tolerance of photosystem II to environmental stress (10) . The cognate response regulator partner of CSK in higher plant chloroplasts remains to be elucidated. However, we can conclude that, like CSK itself, any chloroplast response regulator (CRR) is now nuclear encoded and imported into chloroplasts as a protein precursor. A modified response regulator-like protein, TCP34 is imported as the product of nuclear gene and specifically binds promoters of reaction center genes in spinach chloroplasts (11) . S3 . Conserved functional domains in CSK and representative algal and cyanobacterial homologues (redrawn from SMART database predictions). For the Ostreococcus and the Physcomitrella CSKs, the predicted GAF domain is below the curated threshold score of SMART database. For the Arabidopsis CSK, SMART database does not predict a GAF domain, even though the Arabidopsis CSK sensor domain shows significant sequence homology to the GAF domain of cyanobacterial Hik2. Domain boundaries of GAF domains which fall below the curated threshold score or which are not predicted by SMART database are shown in broken lines. The chloroplast targeting signal is depicted as a white rectangle at the N terminus. Domain denotations: HATPasec, ATP-binding domain; HisKA, site of histidine auto phosphorylation and dimerisation; GAF, sensor domain.
